We report a wide-field f luorescence lifetime imaging (FLIM) system that uses a blue picosecond pulsed diode laser as the excitation source. This represents a significant miniaturization and simplification compared with other time-domain FLIM instruments that should accelerate the development of clinical and real-world applications of FLIM. We have demonstrated this instrument in two configurations: a macroimaging setup applied to multiwell plate assays of chemically and biologically interesting f luorophores and a microscope system that has been applied to imaging of tissue sections. The importance of the adjustable repetition rate of this laser source is discussed with respect to noise reduction and precision in the lifetime determination, illustrating a further significant advantage over conventional mode-locked solid-state lasers.
Fluorescence lifetime is the average decay time of the f luorescence emitted by a molecule after excitation with an ultrashort laser pulse. It depends on the radiative and nonradiative decay rates of molecules in an excited state. The radiative decay rate is a characteristic property of a molecule and therefore may be used to contrast different chemical species, i.e., different f luorophores. The nonradiative decay rate is a function of the local environment of an excited molecule, and so f luorescence lifetime measurements can provide information about changes in the environment, e.g., local pH (Ref. 1 ) and calcium-ion concentration 2 in a sample. Fluorescence lifetime measurements have been proposed as a means for discriminating between f luorophore labels in DNA sequencing or high-throughput drug screening. 3 Autof luorescence lifetime measurements have been demonstrated as a means of distinguishing different f luorophores and (or) tissue types in biomedical research. 4 Fluorescence lifetime imaging (FLIM) can provide a map of the distributions of different f luorophores or of perturbations in the f luorophore environment when combined with microscopy. For assays, FLIM provides a means of interrogating many samples in parallel, e.g., in multiwell plate systems. Wide-f ield FLIM is particularly attractive, owing to its increased speed and reduced photodamage compared with those of scanning confocal systems.
FLIM may be realized in the time domain by use of ultrashort pulse lasers or in the frequency domain by use of sinusoidally modulated cw lasers. 5 Although time-domain instruments have demonstrated higher temporal resolution and are better able to analyze complex f luorescence decays, 6 the necessary ultrashort pulse laser systems have been expensive, complex, and nonportable. The recent development of picosecond pulsed diode lasers operating in the blue spectral region suggests that compact time-domain FLIM instruments may be developed with no additional complexity compared with frequency-domain systems. Until now, pulsed diode lasers have only been used with time-correlated single-photon counting 7 (TCSPC) to perform single-point or pixel-by-pixel scanning measurements with red and infrared devices. 8, 9 We demonstrate wide-f ield macroscopic FLIM and FLIM microscopy with a total footprint of ,0.2 m 2 . Wide-f ield time-gated detection is conveniently achieved with a gated optical image intensif ier (GOI). The setup used for multiwell plate imaging is shown in Fig. 1 , and the GOI and gating electronics are described elsewhere. 10 The diode laser employed (Pico Quant Model PDL 800-B) operated at up to 40-MHz repetition rate with 1-mW average power, providing pulses measured with a streak camera to be ,35 ps in duration at 400 nm. This diode laser output was coupled into a multimode 62.5-mm core diameter, 0.275-N.A. optical fiber. The divergent output of the fiber was ref lected by a 45 ± mirror onto the underside of a standard multiwell plate consisting of a rectangular array of 125-mL capacity wells with a transparent plastic base, whose autof luorescence after excitation at 400 nm was negligible (,3% of the signal). The f luorescence emitted from the samples in the wells was imaged via the 45 ± mirror and filter to block the excitation light (Schott, 435LP6G) onto the GOI, which Generally ,20 delay times were recorded for each FLIM map, and so with energy of 18 nJ per pulse reaching the sample the total laser energy required was 8 mJ. Although the signal strengths are typically lower than when one is using an ultrafast solid-state laser, it is still possible to produce high signal-to-noise data.
This arrangement interrogated a 30 mm 3 30 mm area, allowing up to 36 wells to be imaged simultaneously. To demonstrate the capability of this FLIM system to contrast different f luorophores, we prepared an array of wells f illed alternately with the dyes Coumarin 314 and DASPI. The resulting lifetime map for this sample is shown in Fig. 2(a) , and the observed lifetimes agree well with previously published data 11 (e.g., for two representative wells we obtain 274 6 15 ps for DASPI and 3316 6 194 ps for Coumarin 314). Since the instrumental response function has been measured to be approximately square, picosecond lifetimes can be accurately calculated without deconvolution, provided that sampling begins after the f luorescence peak. Figure 2(b) shows the lifetime map of a sample containing solutions of four different f luorophores, including enhanced green f luorescent protein (GFP). The map shows excellent contrast among the different f luorophores and demonstrates the large lifetime dynamic range. We also imaged four solutions of DASPI in an ethanol/glycerol solvent mixture whose viscosity was adjusted by variation of the solvent component ratio from 100͞0 to 40͞60. The resulting lifetime map in Fig. 2(c) clearly demonstrates the sensitivity to environmental perturbations, and lifetime differences as short as 50 ps are resolved, which also agrees well with previously published data 11 (the 100͞0 and 40͞60 wells have average lifetimes of 55 6 2 ps and 120 6 5 ps, respectively). There is the potential to perform ratio imaging of multiple f luorophores, although quantification can be diff icult in complex f luorescence decays or where reabsorption occurs. 12 This blue pulsed diode laser was also applied to FLIM microscopy. For this setup the output of the optical f iber was directed into a home-built epiillumination inverted microscope, 13 and the resulting f luorescence was directed through a dichroic mirror (Chroma 450DCLP) and emission filter (Chroma GG435LP) onto the GOI and the CCD as described above. Figure 3 shows lifetime maps of a f luorescent microsphere sample imaged at 1003 magnif ication that illustrate an important advantage of this lower (adjustable) repetition-rate laser over conventional mode-locked solid-state lasers operating at ϳ80 MHz. Figure 3(a) shows a lifetime map obtained by application of a single exponential f it of the form I ͑t͒ I t0 exp͑2t͞t͒ 1 C to a sequence of 14 time-gated intensity images, recorded at delays of up to 8 ns after excitation, with the laser repetition rate set at 40 MHz. Figure 3(b) shows the corresponding lifetime map obtained from 14 time gates at relative delays of up to 16 ns. The latter lifetime map is clearly superior in terms of signal-to-noise ratio, and this results from the fact that the later sampling of the f luorescence decay prof iles permits a more accurate f it to be made. This superiority is further illustrated by Figs. 3(c) and 3(d) , which show, for a selection of 200 pixels from a 10 3 20 array of a representative bead, the distribution of the fitted offset, C, as a function of the initial intensity, I t0 . For the lifetime maps sampled out to 16 ns this offset is approximately constant, as it should be, but for the lifetime data sampled out to only 8 ns, this offset exhibits significant noise. This noise results in a degraded lifetime map because of the dependence of the fitted lifetime on the offset value. This experiment illustrates the importance of sampling the later stages of the f luorescence decay prof iles and the desirability of an adjustable repetition-rate excitation source that can be adjusted for the f luorescence lifetimes of the samples under investigation -something that is often not possible with a standard 80-MHz mode-locked laser source.
We observed a similar phenomenon when this diode-laser-based FLIM microscope was applied to biological tissue. Figure 4 shows autof luorescence FLIM maps of an 80 mm 3 80 mm area of an unstained section of cartilage from a rat ear. There is clear contrast between the longer lifetime elastic cartilage, which contains elastin and collagen, and the connective tissue within and around the cartilage. Figures 4(a) and 4(b) show FLIM maps obtained from 11 time-gated intensity images recorded at delays after excitation up to 2 3 t max and 5 3 t max , respectively. Failing to sample the f luorescence decays at the later relative delays results in the FLIM maps' becoming noisier as the range of relative delay times is reduced. A second effect of the limited relative delay is that the calculated lifetime range is compressed and shifted toward shorter lifetimes.
In conclusion, we have reported what is to our knowledge the f irst application of a diode-laser-based wide-f ield time-domain f luorescence lifetime imaging system that is applicable to microscopy and to macroscopic imaging, e.g., for multiwell plate assays and high-throughput screening. This use of an ultrafast diode laser as the illumination source significantly reduces the cost and complexity of time-domain FLIM, providing a portable instrument. The ability to adjust the excitation source's repetition rate to match the f luorescence decay parameters of a sample provides higher precision in lifetime measurements than in systems based on standard f ixed-repetition-rate mode-locked laser sources. This FLIM instrument has an overall footprint of ,0.2 m 2 , making it as compact as typical frequency-domain FLIM systems while providing the advantages of a wider temporal dynamic range and ease of handling complex and (or) multiple exponential decays.
